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ABSTRACT 


The preliminary development of a full-scale Vertical Takeoff and Landing 
(VTOL) Unmanned Air Vehicle (UAV) for the Close-Range mission was 
completed at the Naval Postgraduate School (NPS). The vehicle was based on 
half-scale ducted-fan investigations performed at the UAV Flight Research Lab. 
The resulting design is a fixed-duct, tail-sitter UAV with a canard-configured 
horizontal stabilizer. Major airframe components are used from previous UAVs 
and include the wings from a U. S. Army Aquila and the ducted fan from the 
U.S. Marine Corps AROD. Accomplishments include: 1.) the design and 
fabrication of a carry-through spar and 2.) the design and construction of an 
engine test stand. The carry-through spar was designed using finite element 
analysis and constructed from composite materials. The purpose of the test stand 
is tO measure torque, horsepower, and thrust of an entire ducted fan or an 
individual engine. Completion of this thesis will pave the way for future NPS 


research into the growing interest in VTOL UAV technology. 
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I. INTRODUCTION 


A. THE NEED FOR UNMANNED AIR VEHICLES 

The Unmanned Air Vehicle (UAV) began maturity in a warfare role when in 
1960 an aerial camera was mounted to the airframe of a Ryan Q-2C Firebee 
target drone to adapted the vehicle for photographic surveillance missions [Ref. 
1]. At that moment United States military strategists realized that a UAV could 
be placed in an tactical environment to perform high-risk reconnaissance 
missions without endangering more expensive aircraft and aircrew. Over the 
past 30 years UAVs have been adapted into a multitude of roles including 
surveillance, weather monitoring, communications relay, reconnaissance, over- 
the-horizon targeting, and damage assessment. To perform these missions the 
field of UAVs has been developed to cover the entire spectrum from high-speed 
jet vehicles to low-speed hovering configurations. 

A need exists in the Close-Range role to have a vehicle that exhibits Vertical 
Takeoff and Landing (VTOL) capabilities and is also able to rapidly transit to an 
onstation position. The UAV Joint Project Office (JPO) in Washington D.C. has 
contracted technology demonstrators for a vehicle with a takeoff weight of under 
200 Ibs., a 50 lb. payload, and a maximum speed of 150 kts. The aircraft must 
be able to takeoff and land within an area 30m x 60m with an obstacle clearance 
of 15 meters. Many variations of helicopter-type UAVs have been developed but 


are limited to horizontal flight speeds of approximately 70 knots. [Ref. 2, p.50] 


B. THE NATURE OF UAV RESEARCH AT NPS 

The role of the Unmanned Air Vehicle Flight Research Lab (UAV FRL) at 
the Naval Postgraduate School is to lead and support the advances in UAV 
research and technology. The UAV FRL is uniquely able to fill this role by 
providing a wide base of aeronautical knowledge from both the fixed-wing and 
helicopter communities of all branches of the military. Over the recent years the 
UAV FRL has obtained an Aquila airframe and several complete Airborne 
Remotely Operated Device (AROD) vehicles [Ref. 3, p.73] from the Naval 
Command and Control and Ocean Surveillance Center RTD & E Division 
Detachment to serve as a basis for continuing its research. 

From a design standpoint each of these UAVs is very unique. The Aquila 
possessed a strong, light-weight airframe made from advanced composite 
materials; however, it required additional equipment for a catapult launch and 
net recovery. A powerful ducted fan and stability augmentation system enabled 
the AROD to achieve its VTOL capabilities and to sustain hovering flight. 
Reliance on powered lift allowed the AROD to meet its requirement as a 
Stationary camera platform but made it unable to achieve transit airspeeds of 
greater than 30 knots. Working with these two concepts, the UAV FRL is 
developing a vehicle to meet the JPO goals by combining the benefits and 
advances from each of these UAV platforms while minimizing the disadvantages 
that each one possessed. This thesis initiated the research on a full-scale proof- 
of-concept vehicle to meet this goal. The research involves the development of a 
new VTOL configuration, the design of a test stand for ground run-up of the 
powerplant, and the design, testing and fabrication of a new wing center 


Structure. This full-scale UAV is based on the past research of Ellwood [Ref. 4], 


Blanchette [Ref. 5], and Brynestad [Ref. 6]. They developed and tested a half- 
scale model to identify problems associated with a vehicle designed to achieve 
both vertical and horizontal flight. The half-scale design encountered difficulties 
in static thrust available, in excess weight, and in the need for a complex tilting- 
duct mechanism. These deficiencies are corrected in the full-scale vehicle by 
using the high-strength, lightweight airframe components from the Aquila and 
AROD airframes and the superior duct design of the AROD to provide efficient 
Static thrust. The full-scale model has a new wing center structure designed by 
computer finite element analysis methods and constructed of advanced composite 


materials. 


Il. BACKGROUND 


A. AQUILA 

Development of the U. S. Army Aquila (XMQM-105) began as a program to 
provide a UAV technology demonstrator. The air vehicle was developed under 
Lockheed's proposal, Remotely Piloted Vehicle System Technology 
Demonstrator Program (RPV-STD) for the U. S. Army, LMSC-D056091, 30 


August 1974. The Aquila was developed for a principal mission of surveillance, 
target acquisition, fire adjustment, and damage assessment in support of Army 
artillery and ground forces. The vehicle is configured as a flying-wing aircraft 
with a wing span of 12 feet, 3 inches. The general arrangement of the Aquila is 


shown in Figure 2.1. [Ref. 6] 
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Figure 2.1. Aquila three view diagram. 





Before final production ended, the Aquila had seen many modifications to 
its Structural and aerodynamic design. The Aquila airframe obtained by the 
Naval Postgraduate School is from the manufacture period between December 
1974 to December 1977. Table 2.1 lists the characteristics of the Aquila 
configuration [Ref. 7, p.39]. 


Table 2.1. AQUILA CHARACTERISTICS. 






Wing area (projected) 31.4 feet? 















Wing span (overall) 12.35 feet 
Wing area (reference) 30.3 feet2 
Wing span (reference) leo treet 
Root chord (WS 13) 36.73 inches 
Tip chord (WS 69) | 23 inches 
Mean Aerodynamic Chord (MAC) | 32.26 inches 
Aspect ratio (overall) 4.86 

Taper ratio 0.58 

Sweep, Leading edge 28 degrees 
Sweep, .25 chord os) Gecrees 
Dihedral, Trailing edge 4 degrees 
Incidence (WS 13) +3 degrees 
Incidence (WS 69) O degrees 






modified NACA 23015 
20% MAC 
22% MAC 


Airfoil section 
Forward CG location 
Aft CG location 

















Maximum gross weight 160 lbs (at sea level) 
Wing loading 4 lb/ft? 
| Power loading 12 lb/hp 


The significant features of the vehicle are: 
° Swept wing. 


° Shrouded pusher propeller. 


° Removable wings for storage. 

° Lightweight Kevlar® construction. 
. Pneumatic rail launch. 

> Vertical barrier net recovery. 


The airframe is constructed of advanced composite materials. Structural 
strength and stiffness are provided through the use of composite sandwich 
construction. This construction technique reduces the need and extra weight 
associated with the conventional method of rib, bulkhead, and stringer structural 
design. The fuselage is designed of varying elliptical cross section which is 
faired very smoothly into the 28° swept wing to provide a very low radar cross 
section. Power is provided with an aft-mounted ducted propeller. The propeller 
shroud provides increased safety to operating personnel during ground launch 
procedures and protection to the propeller during net capture, while also 
providing directional and longitudinal stability. Flight control was accomplished 
through movable elevons on the wing. A major downfall was that the vehicle 
required a large crew of ground personal and a considerable inventory of 


equipment for launch, control, and recovery. 


B. AROD 

The AROD was designed by the Sandia Research Laboratory in 
Albuquerque, New Mexico. This vehicle was designed for a reconnaissance and 
surveillance mission for the United States Marine Corps. It differed significantly 
from the Aquila in that it was capable of vertical takeoff and landing. The 


AROD possessed no flying surfaces and relied solely on powered lift. Control 


was obtained through four fixed anti-torque vanes and four moveable control 


vanes, all positioned in the propeller wash of the duct. Its main features were: 


. VTOL flight capabilities. 


° Lightweight graphite construction. 

° Compact size. 

° Minimal crew and support equipment. 

3 Advanced digital stability augmentation system. 


The AROD suffered from inefficiencies associated with hovering flight for a 
small-diameter powered-lift platform. Since most of the engine output was used 
to maintain powered lift [FIG. 2.2], there was little excess thrust available to 
increase the forward speed. A benefit associated with the AROD was the greater 
Static performance provided by the efficient design of the ducted fan. The 
addition of a shroud around the AROD's three-bladed propeller significantly 
reduced the contraction of the slipstream associated with normal propellers. 
This result increased the mass flow through the fan and produced more static 
thrust than a conventional propeller configuration [Ref. 8, p.1]. Table 2.2 lists 
the measurements taken from the AROD. 

The improvements in thrust for a ducted fan are directly related to its 
geometrical design. Based on the values in Table 2.1, the data from Reference 8 
predict the following benefits in thrust available with the AROD's design. 


1. A 50% increase in static thrust at a up speed of 700 fpm over a 
conventional propeller and 66% increase at 800 fpm. 


2. Inlet area ratio of 1.219 is optimal below M=0.3. 
3. Exit area ratio of 1.115 is most beneficial above M=0.1. 
4. The shroud length of 14 inches is optimal below M=0.3. 


5. The propeller position at 25% chord is the most efficient location for all 
airspeeds. 


6. The three-bladed propeller provides greater thrust over an increased 
number of blades below M=0.1. 


7. The blade tip clearance of 0.00258 (clearance/diameter) optimizes the 
thrust below M=0.2. 


Table 2.2. AROD CHARACTERISTICS. 









Inlet diameter 29.25 inches 








Propeller diameter, D 24 inches 


26.75 inches 





Exit diameter 





Inlet area ratio 1.219 


IOs: 





Exit area ratio 





Exterior contour tapered rear 





Propeller location, Yc 25% 
Number of blades : 3 
Tip clearance 0.031 + 0.005 inches 







Tip clearance (clearance/dia.) | .00258 








Engine speed, maximum 8000 rpm 
Engine speed, nominal 7000 rpm 
Tip speed, maximum 838 fpm 
Tip speed, nominal 733 fpm 






BHP (p,/p) 
Power loading, wn 795 Hp/ft2 


oy 


Yop view Side view 





Figure 2.2. AROD diagram. 


C. ARCHYTAS TDF 

Initial work on the proof-of-concept VTOL UAV evolved from the theses of 
Blanchette, Ellwood, and Brynestad. This design was named the Archytas after 
the 500 BC Greek scientist and mathematician credited with the design and 
construction of a mechanical flying bird. The Archytas was configured as a 
fixed-wing vehicle constructed from composite materials. It incorporated a 
fuselage and wings that were modeled after a half-scale Aquila. The fuselage had 
the aft center portion removed to accommodate a tilting ducted fan (TDF) 
located at the center of gravity. [Ref. 4] 

The powerplant modeled the AROD by housing an engine-driven fan in a 
circular duct. The fan was manually rotated to direct the thrust downward for 
vertical flight with control given by vanes mounted in the ducted-fan slipstream. 
For horizontal flight the fan could be positioned to redirect the thrust aft. 


Sufficient thrust was available for horizontal flight; however, vertical flight was 


never achieved. The shroud for the Archytas was designed with an exit area 
ratio of 1.0. Even though this value will prevent contraction of the propeller 
slipstream, it will only increase the static thrust by 26% over a conventional 
propeller [Ref. 8, p.1]. The duct alone was successfully hovered in tethered 
flight with the assistance of a rate gyro [Ref. 6]. 

Three versions of the Archytas were proposed: a tailless model, a short- 
coupled tail design, and a long boom tail configuration [Ref. 4]. The long boom 
Archytas vehicle is shown in Figure 2.3. For purpose of discussion here this 
version will be referred to as the Archytas TDF. Lessons learned from the 
Archytas TDF research were: 


1. Optimization of ducted-fan design is essential to gain the necessary static 
thrust required for vertical flight. 


2. Incorporation of a tilting mechanism to allow transition between vertical 
and horizontal flight presents a major difficulty. 


3. The structural design of the airframe must be optimized to keep the total 
airframe weight at an absolute minimum. 


The design of the Archytas TDF was strictly intended as a proof-of-concept 
vehicle to examine the flight capabilities in the horizontal and vertical modes. 
The half-scale size did not provide sufficient internal space to house the 
mechanisms necessary for inflight transition, nor was it designed to do so. The 
half-scale platform was conceived to fly in both horizontal and vertical modes, 
but not to perform the transition maneuver. Further development on propeller 


design for increased thrust for the half-scale UAV continues. 


10 





Figure 2.3. Archytas TDF. 


Ill. ARCHYTAS TS CONFIGURATION 


A. CURRENT RESEARCH 

This thesis proceeded with the development of the full-scale proof-of-concept 
VTOL UAV. The redesigned Archytas allowed direct assembly of the Aquila 
wings to the AROD duct. The research involved the re-evaluation of the 
Archytas TDF configuration, the construction of a larger and more efficient 
engine test stand, and the design and fabrication of the complex carry-through 
spar required to incorporate the wings and the ducted fan into a single airframe. 
The final Archytas configuration involved many modifications from the initial 
Archytas TDF design. The most significant change included the use of a fixed 
duct rather than a tilting duct. This use enabled a simpler fuselage structure and 
withdrew the requirement for a complex tilting mechanism for the duct. The 
new design incorporated a configuration referred to as a tail-sitter (TS). From 
this concept came the new name Archytas TS. A horizontal stabilizer was added 


to the design to provide longitudinal stability in forward flight. 


B. ARCHYTAS TS STRUCTURAL COMPONENTS 

Configuration of the Archytas TS considered four primary factors. 1.) 
Foremost was the desire that the airframe components from the AROD and the 
Aquila be joined with minimal addition of structural components. This would 
decrease the complexity and lessen the addition of weight. 2.) The new vehicle 
would avoid any modifications to the AROD or Aquila components that would 
reduce their performance or weaken their structural integrity. 3.) The airframe 


design would eliminate any fuselage structure that could interfere with the 


We 


airflow through the duct. 4.) The landing gear would not add any additional 
weight but still provide stability while the UAV was on the ground. These 
considerations resulted in the design shown in Figure 3.1. 
1. Archytas TS wings 

The wings for the Archytas TS were taken directly from the Aquila 
with no modification to their structure. The airfoil is a modified NACA 23015. 
Coordinates for the airfoil are listed in Appendix A. Aerodynamic loads on the 
wings are supported by two spars positioned at the 25% and 70% chord location. 
The primary material used in the wing construction is a Kevlar/epoxy composite. 
Kevlar® is a high strength, light-weight material with the fiber properties listed 
in Appendix A. [Ref. 7] 

The airfoil shape was maintained without ribs by the use of stiffened 
wing skins. These skins were built using a molded sandwich construction with a 
0.25-inch Nomex® honeycomb core. The wing Skins were then bonded to the 
forward and aft spars to form the leading edge d-cell and center torque box. 
The trailing edge of the wing was filled with an epoxy/microsphere slurry to 
reinforce the joint of the upper and lower wing skins. Elevons were located at 
the outboard portion of each wing panel. Construction of the elevons was 
similar to that of the main wings except that the elevons use a solid honeycomb 
core. The elevons pivot on hinges mounted to the aft spar. Actuation of the 
elevons is provided by direct linkage to electronic servos. The laminate 
properties for wing materials are listed in Appendix A. [Ref. 7] 

2. Forward fuselage and canard 
An additional horizontal stabilizer was incorporated in the design to 


provide increased longitudinal stability and control while flying in the horizontal 


Ne: 





attitude. The canard configuration was chosen to place the horizontal stabilizer 
ahead of the ducted fan. This forward location would keep the tail away from 
the landing ring during vertical takeoff and landing. Configuration of the 
forward fuselage was simplified by using the AROD roll bar. The roll bar 
provides increased protection during takeoff and landing as well as an excellent 
attachment point for the canard. 
3. Landing gear 

Concern for the sizing of the landing gear was given in designing the 
Archytas TS structural configuration. The wing sweep of 28° on the Aquila was 
reduced to 13° to remove the need for extending the landing gear. The 
significant difference in landing ring length is shown in Figure 3.3.1. With the 
smaller wing sweep angle the height of the duct lip was decreased from 51.75 
inches to 35.5 inches. An aerodynamic improvement was also gained with the 
reduced sweep. 

4. Shoulder joints 

To connect the Aquila wings to the AROD duct an additional structure, 
termed shoulder joints for this discussion, was required. These shoulder joints 
were designed to match the end ribs of the Aquila wings and allow for removal 
of the wing sections for transportation and storage. Forward and aft carry- 
through spars were located within the shoulder joints to support forces and 
moments created during flight. The shoulder joints were designed to cover one 
quarter of the duct circumference each to allow two of the four original AROD 


Outer duct skins to be re-attached to the upper and lower surfaces of the duct. 


Is 
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Figure 3.3.1 Effects of wing sweep angle. 
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IV. SPAR DESIGN 


A. DESIGN PROCESS 
A structural modification was necessary to attach the Aquila wings to the 
AROD duct. Four primary factors were considered in the development of the 


spar. 
1.) Structural support for a 120 Ib. airframe at 8 g's. 


2.) Minimal addition of any exposed frontal area that would increase profile 
drag. 


3.) Sufficient faring of the spar to reduce any adverse wing-body 
interference. 


4.) Composite construction to increase the strength over an equivalent 
weight metal structure. 


The carry-through spar was designed with ring frames [Ref. 9, p.163] to 
allow the spar structure to pass around the circumference of the AROD without 
interfering with the airflow through the duct. Forward and aft carry-through 
Spars were configured to connect with the forward and aft wing spars of the 
Aquila wing. 

The forward spar was sized to fit within the space available between the 
inner and outer skins of the AROD duct. This design completely enclosed the 
upper and lower portions of the spar from any airflow around the duct. The 
inside diameter of the spar was bonded to the inner duct skin to provide greater 
structural integrity. The increased thickness of the duct available at the forward 
location allowed for a thicker spar. The forward spar is 2.5 inches in average 
thickness and has a l-inch width. The forward spar did not require a larger 


width due to the greater thickness available. The aft spar was designed around 
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the outer extension of the duct ribs that support the control vanes. The AROD 
provided no additional structure to which to bond the aft spar and conceal it 
from the airflow. Therefore, the aft spar was kept to a maximum thickness of 1 
inch from the inner to outer diameter to decrease the frontal area. The spar 
width was increased to 2 inches to account for the smaller thickness. 

Initial design of the spar structure involved constructing a 1/6-scale model 
[Fig. 4.1]. The model allowed visualization of the wing fillet design that would 
be necessary to efficiently blend the wing-duct connection. The typical wing 
fillet with a radius of about 10% of the root chord [Ref. 9, p.148] was increased 
for the Archytas TS. The fillet in this case was required to house the spar which 
relied on a greater thickness to carry the bending moment around the duct. The 
dimension for the model were selected to maintain the correct wing sweep and 
incidence angle. The model was constructed from a closed-cell blue polystyrene 
foam and the fillet was carved out to create a shape that was modified from the 
Aquila wing airfoil coordinates given in Appendix A. A smooth shape was 
determined that would allow air to travel smoothly from the leading edge to the 
trailing edge without any sharp disruptions in the airflow. The spar positions 
were located on the model and the forward and aft spar cross sections were cut 
out. The spar cross sections were used to determine a planform for the full-size 
spars that could be faired smoothly into the duct. The configuration of the full- 
size spars is shown in Figure 4.2. 

The required dimensions for the full-size spars were calculated and used to 
build a finite element model. The locations of the node points are shown in 
Figure 4.3. Analysis of the spar structure used the MSC/pal? finite element 


analysis program produced by the MacNeal-Schwender Corporation. The model 
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Figure 4.3. Forward and aft spar nodal point locations. 
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file and the nodal point locations are given in Appendix B. MSC/pal2 contains a 
composites module for analyzing quadrilateral elements constructed from 
composite laminates. Classical lamination theory is used by MSC/pal2 to 
compute the results for a laminate with up to 200 plies and ten different 


materials [Ref. 10, p.1.1]. 


B. MATERIAL SELECTION 
The spars were built using moldless composite sandwich construction. This 
technique used a foam core with a composite laminate hand laid on the shear web 
and spar caps. 
1. Core 
The spar core was made from 2 lb./cu. ft. urethane foam. Urethane 
was Selected because it 1s relatively inexpensive, extremely easy to cut and shape 
and bonds well with epoxy matrix adhesive. The foam construction considerably 
minimized the waste generated during the core fabrication. The cores for both 
full length spars and the half-span test spars were built from segments cut from a 
single 4' x 8' sheet of 1-inch-thick urethane foam [Fig. 4.1.1]. This involved 
cutting single pieces for the forward spar and two pieces for each position on the 
aft spar to built up the 2-inch width. Additional foam blocks were cut to 
construct a half span forward and aft spar for load testing. The foam segments 
were cut from the urethane sheet with a hacksaw blade. The edges were planed 
Square to produce a good glue joint. The foam pieces were glued together with a 


micro-slurry mixture of 50% microspheres and 50% epoxy resin [Ref. 11, p.36]. 
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2. Adhesive 
The adhesive used to bond the composite fibers together and attach them 
to the core is technically referred to as the matrix. The matrix used on the 
Archytas TS spar is Safe-T-Poxy® two-part epoxy manufactured by Hexcel 
Corporation. A ratio by weight of 100 parts resin to 48 parts hardener was used 
to mix the epoxy. Cure time for the epoxy is 10 hours to touch and 24 hours 
before sanding. The material properties for epoxy are listed in Table 4.2.1. 


Table 4.2.1 MATRIX PROPERTIES. 


o2x106 | 062x108 ]034] sx10%psi_| 60 


3. Reinforcement fiber 






Three types of fiber were used to construct the laminates: E-glass, S- 
glass and graphite. E-glass is an older form of fiber that is commonly found is 
woven fiberglass cloths. The shear webs were constructed from an Owens- 
Corning woven E-glass cloth. The fabric is a 7725 twill weave that is commonly 
used in homebuilt aircraft. Twill was chosen because it has greater strength 
properties over a plain weave for the same fabric weight and amount of fibers. 
This is because material properties are lost by curving of the fibers in the 
weaving process. Figure 4.2.1 compares a twill weave with a plain weave fabric. 
It can be seen that fibers woven in a twill do not cross over each other as often as 
in a plain weave for a given length of fabric. 

The unidirectional fiberglass used in the Archytas TS is Orcoweb S-500 
manufactured by Orcon Corporation. It serves as the primary structural fiber in 


the spar caps because its strength properties are all oriented in a single direction. 
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Unidirectional fibers do not have any weaving crimps and have not been 
weakened by abrasive weaving processes. This material is constructed with 
Owens-Corning S-2® glass. Orcoweb S-500 fibers are held together by a single 
cross fiber at 1.5-inch spacing that is bonded with a thin layer of adhesive. S- 
glass is stronger and stiffer and weighs less than E-glass and is ideally suited for 


low-cost, high-strength, aerospace applications. [Ref. 13] 


Plain weave Twill weave 





Figure 4.3.1. Types of weaves. 

Graphite was used at the locations on the spar that required greater 
material properties than those available with S-glass. Graphite provides 
maximum stiffness (high modulus) and extremely high compressive and tensile 
Strengths at a very low weight. The use of graphite falls into area of advance 
composites. The graphite used on the Archytas TS is manufactured by Hexcel. 
The fibers are held together by a widely space cross woven glass fiber. The 


material properties of E-glass, S-glass, and graphite are shown in Table 4.3.1. 


Table 4.3.1 FIBER PROPERTIES. 


4. Laminate design 






The laminates were designed using classical lamination theory [Ref. 12, 
pp.147]. Laminate requirements were identified from the loads to be applied to 
the spar during flight at 8 g's with a minimum safety factor of two. Forces and 


moments were related to strains and curvatures by 


N, Ay Ay Ay M B, By Be} &, 
N, Ay, Ay Ay M By By Bag | &y 
Ny Aig Arg Age M Bie Bye Bee |} &xy 
See es L Le Shi: L L L 
M, B, By. Be MD, Dy Dy] *: 
M, By, By By MD, Dy Dy | Ky 
M,, Bi By Be M Dig Dy Deg jl ay 


where N and M are the loads and moments, A, B and D are the constituent 
material stiffness matrices, and € and x are the strains and curvatures [Ref. 10, 
p.6-6]. The A, B and D values for a laminate constitute what is referred to as the 


‘ABD matrix’. The values for the ABD matrix were obtained from the 


transformed reduced stiffness matrix, for each laminate. 
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The transformed reduced stiffness matrix took into account the ply angle for 
each laminate [Ref. 10, p.6-4] where 
Q,, = Q,, cos*B + 2(Q,, + 2Q,,)sin” Bcos?B + Q,, sin* B 
Q» =Q,,sin* B + 2(Q,, + 2Q,)sin’ Bcos” B + Q,, cos* B 
Q,, =(Q), +Qy» — 4Q¢, )sin? Bcos” B + Q,,(sin’ B+cos* B} 
Qee = (Qi, + Qy — 2Qi, — 2Q¢_) sin” Bos” B + Q,,(sin* B + cos*B) 
Qi, =(Q,, —Q,, — 2Q,, )sinBcos*B + (Q,, —Q., +2Q,,)sin*® BcosB 
Q., =(Q,, —Q,, — 2Q, )sin® BcosB + (Q,, —Q,, +2Q,, )sinBcos* B 


The reduced stiffness matnx, Qij. for each laminate was derived from 


the ply material properties [Ref. 10, p.6-3]. 
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The ply material properties are calculated from the fiber and matrix properties 


that create the laminate [Ref. 10, p.6-13]. 
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where Fy is the fiber volume of the laminate and the subscripts m and f refer to 
the matrix and fiber properties, respectively. 
5. Shear web 

Laminate design was similar for the shear web for both the forward and 
aft spars. Any coupling between extension and bending of the shear web was 
not desired. If coupling occurred, any shear force applied to the spar would 
result in a twisting of the shear web laminate. To avoid coupling the shear web 
was formed from layers that were symmetric about the laminate midplane with 
opposite signs of ply angle orientation, +B. This simplified the ABD matnx by 


setting Aig=A26=0 and [Bj]=O [Ref. 12, p.165]. 
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To minimize the laminate shear strain, €xy , it was desired to maximize the 
Age value in the ABD matrix. This calculation required the determination of the 
optimum ply angle, 8, which would result in the largest values of Q,, in the 
transformed reduced stiffness matrix. With Qi, Q22, Qi2 and Q¢66 values fixed 


from the material properties, the angle, 8, was varied from -90° to +90°. Figure 


28 


4.5.1 reveals that the maximum values were obtained for B=+45°. The program 
used to determine the ply angle optimization was written in MATLAB®. The 
code is given in Appendix C. This ply angle agrees with the industry standard to 
orient material properties at +45° to the longitudinal axis to provide the highest 
shear properties [Ref. 14, p.386]. The 7725 twill weave fiberglass was ideal for 
application to the shear web. The fabric oriented at +45° created a regular 
symmetric angle-ply laminate that had optimal shear properties. An individual 
thickness, t, of woven fabric was modeled in MSC/pal2 by placing four layers of 
unidirectional material of thickness t/4 at +45° orientation. The ply properties, 
laminate layup, and laminate properties are listed in Appendix C. The laminate 
thickness for the shear web varied at different locations across the spar. The 
thickness was chosen to minimize the stress concentration caused from the flight 
loads. The laminate layup for the shear web is shown in Table 4.5.1. The 


location of each laminate corresponds with the placement shown in Figure 4.5.2. 
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Ply angle, degrees 


Figure 4.5.1. Shear web optimization. 
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Table 4.5.1. SHEAR WEB LAMINATE THICKNESS. 
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6. Spar cap 

The laminates for the spar caps were similar in design, but differed in 
material composition. The forward spar caps were required to carry more of 
the flight loads. Additional stiffness and strength were designed into the forward 
Spar caps by increasing the laminate thickness and adding more layers of carbon 
fiber at critical locations. Bending stiffness is controlled by the Dj; values in the 
ABD matrix. The carbon fibers were located at the outer layers of the laminate. 
This location provided the greatest effect of (hy —hj_,) on creating larger values 
of Dj; when looking at the entire spar height as a single laminate. 

The optimum ply angle was determined in a similar manner as that for 
the shear web. For the spar caps the flight loads would create an Nx value in the 
ABD matmix. This force caused compression on the upper spar cap and tension 
on the lower spar cap. A nonsymmetric laminate with multiple specially 
orthotropic layers was created by placing the graphite on the outside plys with all 
of the principal material directions aligned with the laminate axis [Ref. 12, 
p.162]. The individual spar caps were not considered symmetric because of the 
difference in material properties for graphite and S-glass; however, the upper 
and lower spar caps with the foam core in between created a symmetric spar. 


The ABD matrix for an individual spar cap took the form of 


Ne Ay, Ay, 0 M B,, B,, 0 e. 
NG Aj Ax 0 M B, B,, 0 ey 
N,, 0. 0. Ay eMC Ose 
Lo j=) lL | Le | ee 
M, B,, B,, 0 M D,, D,, 0 LS 
M, B,, B,, 0 M D,, D,, 0 Ky 
M,| 1/0 O B, MO O Del, 


To minimize the normal strain, €, , due to N, , large values of Aj; and Aj2 were 
desired. Figure 4.6.1 shows that the maximum values were obtained for B=0°. 
The laminate thickness for the spar caps varied at different locations 
across the spar. The thickness was chosen to minimize the stress concentration 
caused from the flight loads. The laminate layup for the spar caps is given in 
Table 4.6.1 The location of each laminate corresponds with the placement shown 
in Figure 4.5.2. Unlike the shear web, the spar cap layers were modeled directly 


in MSC/pal2 as they appear in the actual laminate. 
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Figure 4.6.1. Spar cap ply angle optimization. 
Table 4.6.1. SPAR CAP LAMINATE THICKNESS. 
| Spar | Location | S-glass layers | Graphite layers | 
| Forward | AA | - | #2 | 
| BB g 3 
| 2c, 3 0 | 
| Aft | DD | 3 | i | 
| | FE 4 | 2 
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V. TEST STAND 


A. TEST STAND REQUIREMENTS 

A fundamental requirement in the calculation of aircraft performance is 
accurate knowledge of powerplant characteristics. For a piston-driven engine, 
accurate knowledge of available horsepower is essential in calculating horizontal 
flight performance. VTOL-configured aircraft are also concerned with vertical 
flight performance, similar to helicopters, and require information on maximum 
thrust available. Procedures used in the power plant analysis for the Archytas 
TDF are described in Reference 5. The test stand for the TDF design consisted 
of two main components. One portion allowed for determination of the 
horsepower by measuring the torque created by the engine over a range of RPM. 
Static thrust output for the engine was obtained by a separate part of the test 
Stand by attaching the entire ducted fan to a sliding tray. The sliding tray pulled 
on a spring scale which measured static thrust directly. In principle the 
equipment was sufficient; however, the following deficiencies were observed: 

1. Inability to measure thrust and horsepower simultaneously. 


2. Airflow blockage resulting from the thrust stand configuration. 


Friction losses due to poor bearing surfaces for the sliding tray. 


re an 


Inadequate size in both the torque and thrust components to support the 
larger powerplant for the Archytas TS. 


A recommendation resulting from the Archytas TDF research was to design 
and construct a larger engine test stand that could accurately measure and record 


thrust, torque, and engine RPM [Ref. 6, p.64]. 


34 


B. TEST STAND DESIGN 

Initial considerations for a larger test stand began simply with a scaled-up 
version of the smaller configuration used for the TDF design. However, the 
mechanical complexity involved in constructing an efficient sliding tray to 
Support an apparatus for measuring both torque and thrust was not desirable. 
The final focus was directed at a linear bearing arrangement. A linear bearing 
consists of numerous rows of ball bearings mounted axially along the inner 
circumference of the outer bearing race. These rows of ball bearings allow a 
highly polished, hardened steel shaft to traverse linearly through the bearing and 
rotate simultaneously. An arrangement of two linear bearings mounted in series 
along with a 16-inch shaft was salvaged from a previous NPS experiment. The 
equipment was restored and modified to create a test stand on which to mount the 
entire AROD duct. The test stand was mounted to a large base to provide 
Support and stability during use. Wheels mounted underneath the base could be 
extended to roll the entire assembly; for engine tests, the wheels could be 
retracted to place the frame firmly on the ground and prevent any movement. 


The complete configuration of the test stand is shown in Figure 5.1. 


C. TEST STAND ANALYSIS 

Static analysis was performed on the load-carrying components of the test 
stand listed in Table 5.1 to ensure that they could withstand the loads applied 
with the duct in place and additional forces produced during engine run-up. 

The analysis was performed using a strength-of-materials approach [Ref. 15]. 


The maximum normal and shear stress was calculated for each component. 


Jo 


Table 5.1 COMPONENT ANALYSIS. 


Component Analysis 


Bearing Static load. 
torsion. 
torsion. 


torsion. 


i 
| 


= 0% 


? 





Figure 5.1. Engine test stand. 
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The material yield stress and the maximum stress values were applied to Von 
Mises’ yield criterion to ensure that no component of the test stand would reach a 
point of yield. Calculations for the analysis of each component is given in 
Appendix D. The material yield stress was compared to the Von Mises’ yield 


criterion to produce a factor of safety. 


Material yield stress 


Factor of safety = 
Von Mises’ yield stress 


The results from the analysis in Appendix D are listed in Table 5. 


Table 5.2 FACTOR OF SAFETY. 


Material Yield Stress | Von Mises' Yield Stress | Factor of Safet 


Bearings 1560 lbs.* Bas 


Shaft 275,000 psi 6358.1 psi 
Extension 36,000 psi 3479.3 psi 
Bracket 1008.2 psi 





*Bearing normal and actual load ratings. 


D. ENGINE TEST RESULTS 

Engine tests were performed with the AROD mounted on the test stand. A 
6-inch moment arm [App. E] was clamped to the shaft to regulate the rotation. 
Torque was measured with a spring mounted on the end of the moment arm. 
The thrust from the engine pushed on the shaft and exerted a load on an spring 
load cell. The throttle setting was controlled with an electric servo. Engine 


RPM was set with a computer controlling the throttle servo. Torque and thrust 


oF 


readings were obtained simultaneously over the range of RPM listed in Table 


5.3. Horsepower was calculated from the measured RPM using 


| - 
| 5 
~~” 








Hp = Torque (in.+ivs.) ¢(2 ™ RPM) Eon ax) °( 


ft.elbs. : 
550 s 60 min 
sec. 


The test data are plotted in Figures 5.2 and 5.3. 


Table 5.3. ENGINE TEST DATA. 


Engine RPM Thrust Moment Horsepower 
Throttle setting lbf 


| 500 | 19290 | 80-4 0.735 
| 00 | at | 3.0 | 3.00631 





Computer 

























| 700 || 37200 || 25.0 | 00 | 0.000 
| 750 | 40500 | 320 | 20 | 
800 || 5160.0 | 560 | 60 | 2.947 
| 850 || 58200 || 0 | 00 | 5.540 
| 900 | 3000 | 65.0 | 804592 
950 || 3000 || 700 | 80 | 98 
1000 | 66300 S| 73.0 | 63.787 
1050 || 960.0 | 780 | 9059688 

o | 90 | 180 | 12.646 

o | 0 | 140 | 9796 


lbf 
2.0 
10.0 


7380.0 
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Figure 5.2. Horsepower vs. RPM. 


Thrust Reading, T,lb 





1000 2000 3000 4000 5000 6000 7000 8000 
RPM 


Figure 5.3. Thrust vs. RPM. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 

A full-scale VTOL Unmanned Air Vehicle was developed based on previous 
research on a half-scale UAV. The configuration was modified considerably 
from the half-scale design. The airframe was designed to incorporate the wings 
from a U.S. Army Aquila and the ducted fan from a U.S. Marine Corps AROD. 

The goal of this research was to select a new configuration that did not 
require a complex duct-tilting mechanism to transition from vertical to 
horizontal flight. The investigation resulted in a fixed duct, tailsitter vehicle 
with a canard configured horizontal stabilizer. 

Forward and aft carry-through spars were developed to connect the wings to 
the ducted fan. The spars were designed using computer finite element analysis. 
The material selected for the spar construction consisted of a urethane foam core 
and fiberglass/epoxy reinforced laminated. Carbon fiber was added to the 
composite in areas that require increased strength and stiffness. Laminate design 
was selected using finite element analysis. 

An accurate knowledge of engine parameters was required to effectively 
begin development of the UAV. A large-scale engine test stand was designed 
and constructed to obtain powerplant thrust and horsepower measurements. The 
test stand provided attachment for the entire AROD and was supported by a 
linear-bearing arrangement. Engine tests that were performed indicated that a 
more accurate load cell for the thrust and torque measurements was required. In 
addition, the fixed anti-torque vanes interfered with the horsepower 


measurements. 
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B. RECOMMENDATIONS 

The AROD roll bar should provide an ideal attachment point for the canard. 
The canard sizing should be calculated based on the fixed length of the roll bar. 

The strength of the composite layup is very dependent on the construction 
procedures and laminate orientation, The manufacturing process can introduce 
excess voids or resin-rich areas that will lower the composite strength from the 
design limit. Load testing of the half-span test spar is vital to the design of the 
full-size carry-through spar to insure that the finite element design was sufficient 
to size the spar. 

The negative horsepower measurements identified the influence that the duct 
had on the engine torque measurements. To obtain accurate horsepower 
readings it will be necessary to construct an attachment to mount just an engine 
on the test stand. A accurate strain-gauge load cell should be acquired to obtain 


accurate test stand measurements. 
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APPENDIX A 


Table Al. WING AIRFOIL COORDINATES*. 


-- 0.0 
3.34 1.54 
4.44 DOs 
Dee) 3.04 
6.90 3.61 
7.64 4.09 
S52 4.84 
Soo7 5.41 
9.08 5.78 
9.05 5.96 
Su Bie 
7.74 5.50 
6.61 4.81 
5.05 3.79 (modified) 
3.73 2.43 (modified) 


2.26 (modified) 1.00 (modified) 
1.69 (modified) .0239 (modified) 
1.00 (modified) .016 + 0.5 (modified) 





* [Ref. 6, p.82] 
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Table A2. KEVLAR® MATERIAL PROPERTIES.* 


(ksi) (ps1) (ks1) (psi) 


Kevlar 
Unidirectional 


Style Fabric 120 
Style Fabric 281 


170 10.1 40 10.1 
4.4 2 58 
4.4 26 4.0 





* (Ref. 6, p.94] 


Table A3. WING LAMINATE PROPERTIES* 


Sule (psi)_| Factor of Safes 
Wing monieycen Compression 8880 12,000 
skins sandwich 
Honeycomb | Compression | 2534 12,000 4.74 
sandwich 
Fwd. | Kevlar Compression | 17,868 25,700 1.443 
spar 


14.758 | 25700 | 1763 


* (Ref. 6, p.69] 
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APPENDIX B 


A. MSC/PAL2 MODEL FILE 


TITLE ARCHYTAS SPAR(MIN) 

NODAL POINT LOCATIONS 3 

112.25 -90 0.25 THROUGH 73 12.25 SO 02s siege 

2 12.5 -90 0.75 THROUGH 74 12.5 90 0.75 STEP 6 

5 12.59375 -90 1.75 THROUGH 77 12°5937590 17S Eo 

6 12.65625 -90 2.25 THROUGH 78 12:6562590 2.2575 aia 

3 15 -90 0.75 THROUGH 21 15 -45 0.75 STEP 6 

37 15 45 0.75 THROUGH 75 135900) 75 STEER 

4 14.96875 -90 1.75 THROUGH 22 14.96875 -45 1.75 STEP 6 

58 14.96875 45 1.75 THROUGH 76 14.96875 90 1.75 STEP 6 

101 14.875 -90 18.75 THROUGH 149 14.875 90 18.75 STEP 4 
102 14.875 -90 20.75 THROUGH 150 14.875 90 20.75 STEP 4 
103 15.875 -90 20.75 THROUGH 115 15.875 -45 203 5.siier 
139 15.875 45 0.75 THROUGH 151 15.875 90 20.75 STEP 4 

104 15.875 -90 18.75 THROUGH 116 15.875 -45 18.75 STEP 4 
140 15.875 45 1 8.75 THROUGH 152 15.875 90 18.75 STEP 4 
NODAL POINT LOCATIONS 1 

33 17 -5.1875 0.75 THROUGH 45 17 5:1875 0775 STEPS 

34 17 -5.1875 1.75 THROUGH 46 17 5.1875 1.75 STEP 6 

79 20.25 -3.4583 0.75 THROUGH 83 20.25 3.4583 0.75 STEP 2 
80 20.25 -3.4583 1.75 THROUGH 84 20.25 3.4583 1.75 STEP 2 
85 23.75 -2.25 0.75 THROUGH 89 23°75 2255075 Sere 

86 24.0 -2.25 1.75 THROUGH 90 24°0'2.25 l/s Siere 

27 13.5833 -8.25 0.75 THROUGH 51 13.383358.25 07s Erez 
28 13.5833 -8.25 1.75 THROUGH 52 13.5833°8:25 1.75 5 ie 
123 16.875 -4.1875 20.75 THROUGH 131 16.875 4.1875 20.75 STEP 4 
124 16.875 -4.1875 18.75 THROUGH 132 16.875 4.1875 18.75 STEP 4 
153 22.75 -1.626 20.75 THROUGH 157 22:75 12023 20,7555 Gi 
154 22.75 -1.625 18.75 THROUGH 158 22°75 1.6023 Ver/a7s ine 
159 28 -1.1875 20.75 THROUGH 163 28 11875 20) Sie 
160 28 -1.1875 18.75 THROUGH 164 28 1.187308 7s Sere 
119 13.9375 -8 20.75 THROUGH 135 13-9375 3 205755 DERan 
120 13.9375 -8 18.75 THROUGH 136 13,9375 3iia-75) 5 DE ake 
301 21./5 .5-7 THROUGH 302 20 area 

307 30.428 .5 28 THROUGH 308 30.428 -.5 28 

309 47.482 .5 0 THROUGH 310 47.482 -.5 0 
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311 47.482 2.125 6.263 THROUGH 312 47.482 -2.125 6.263 
313 47.482 2.125 7.221 THROUGH 314 47.482 -2.125 7.221 
315 47.482 1.25 19.025 THROUGH 316 47.482 -1.25 19.025 
317 47.482 1.25 21.025 THROUGH 318 47.482 -1.25 21.025 
319 47.482 0.5 28.694 THROUGH 320 47.482 -0.5 28.482 

C 

C FWD SPAR, SHEAR WEB, (+45 TO +90) AND (-45 TO -90). 
‘S 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 16,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 1 19 216 1 
GENERATE CONNECTS 4 22 24 6 1 
GENERATE CONNECTS 55 73 75 6 1 
GENERATE CONNECTS 58 76 78 6 1 

c 

C FWD SPAR, SHEAR WEB, +45 TO -45. 
S 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 18,2 
QUADRILATERIAL PLATE TYPE 1 3 
GENERATE CONNECTS 19 31 33 61 
GENERATE CONNECTS 43 55 57 6 1 
GENERATE CONNECTS 22 34 36 6 1 
GENERATE CONNECTS 46 58 606 1 
GENERATE CONNECTS 31 43 44 6 1 
GENERATE CONNECTS 32 33 45 1 6 
GENERATE CONNECTS 35 34 46 1 6 
GENERATE CONNECTS 35 47 48 6 1 
LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 20,2 
QUADRILATERIAL PLATE TYPE 1 3 
GENERATE CONNECTS 79 86 89 6 2 
GENERATE CONNECTS 80 86 90 6 2 
CONNECT 39 81 79 33 

CONNECT 40 82 80 34 

CONNECT 39 81 83 45 

CONNECT 40 82 84 46 

C 

C FWD SPAR, SPAR CAP, +45 TO -45. 

Cc 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 19,2 


45 


QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 45 57 58 6 1 
GENERATE CONNECTS 21 33 346 1 
LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 11,2 
QUADRILATERAL PLATE TYPE 1 3 
CONNECT 45 83 84 46 

CONNECT 33 79 80 34 

CONNECT 79 85 86 80 

CONNECT 83 89 90 84 

G 

C FWD SPAR, SPAR CAP, (+45 TO +90) AND (-45 TO -90). 
E 


LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 19,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 57 75 76 6 1 
GENERATE CONNECTS 3 21 22 6 1 

c 

C FWD SPAR, INNER SPAR CAP, +90 TO -90. 
& 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 12,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 2 74 77 6 3 

6 

C REAR SPAR, SHEAR WEB, (+45 TO +90) AND (-45 TO -90). 
C 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 18,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 102 114 1154 1 
GENERATE CONNECTS 101 113 116 4 3 
GENERATE CONNECTS 138 150 15141 
GENERATE CONNECTS 137 149%324— 
e 

C REAR SPAR, SHEAR WEB, +45 TO -45. 
C 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 18,2 
QUADRILA TERIAL PEATER I REaiee 
GENERATE CONNECTS 130 138 139 4 1 
GENERATE CONNECTS 114 122 1234 
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GENERATE CONNECTS 129 137 140 4 3 
GENERATE CONNECTS 113 121 124 43 
GENERATE CONNECTS 122 123 13114 
GENERATE CONNECTS 121 124 1323 4 
GENERATE CONNECTS 153 159 163 6 2 
GENERATE CONNECTS 154 160 164 6 2 
CONNECT 128 156 154 124 

CONNECT 127 155 157 131 

CONNECT 127 155 153 123 

CONNECT 128 156 158 132 

E 

C REAR SPAR, SPAR CAP, +45 TO -45. 
C 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 15,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 115 123 12441 
GENERATE CONNECTS 131 139 14041 
GENERATE CONNECTS 113 137 138 41 
CONNECT 153 159 160 154 

CONNECT 157 163 164 158 

CONNECT 123 153 154 124 

CONNECT 131 157 158 132 

C 

C REAR SPAR, SPAR CAP, (+45 TO +90) AND (-45 TO -90). 
c 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 19,2 
QUADRILATERAL PLATE TYPE 1 3 
GENERATE CONNECTS 101 113 11441 
GENERATE CONNECTS 103 115 116 41 
GENERATE CONNECTS 137 149 15041 
GENERATE CONNECTS 135 151 152 41 
C 

C RIGID WING STRUCTURE DESIGNED TO EXHIBIT MINIMAL 
C DEFORMATION WITHIN THE COMPONENT. 
C 

LAMINATE DATABASE LAM.ARC 
MATERIAL COMPOSITE 1,2 
QUADRILATERAL PLATE TYPE 1 3 
CONNECT 89 311 313 90 

CONNECT 85 312 314 86 

CONNECT 89 311 312 85 
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CONNECT 90 313 314 86 

CONNECT 163 seo? 

CONNECT 164 315 316 160 

CONNECT 163 164 315 317 

CONNECT 159 160 316 318 

CONNECT 163 307 319 317 

CONNECT 159 308 320 318 

CONNECT 90 164 315 313 

CONNECT 86 160 316 314 

GENERATE CONNECT 307 308 320 1 12 
GENERATE CONNECT 301 302 310 1 8 
CONNECT 301 89 311 309 

CONNECT 202735 312 310 

CONNECT 301 302 85 89 

CONNECT 85 86 90 89 

CONNE@T 56 90 165 7ho7 

CONNECT 163 159 160 164 

CONNECT 160 164 307 308 
GENERATE CONNECT 309 310 320 1 2 
END 


. MSC/PAL2 LOAD FILE 


DISPLACEMENTS APPLIED 21 
Ab 17s 74721 

GOS aie 2 

ALL 0 101 149 150 48 1 
DISPLACEMENTS APPLIED 1 
ALL 0 103 104 151 152 

ALL 03 475 76 

FORCES AND MOMENTS APPLIED 0 
FY 314 480 

SOLVE 

OU 
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C. MATLAB® PLY ANGLE OPTIMIZATION PROGRAM 


% ABD MATRIX OPTIMIZATION 
% 1.) Enter physical properties EE11 through G12. 
% 2.) Select the desired QBxx values to be summed 
Jo by QBTOT. 
% 3.) Enter the correct ylabel value. 
BE 77: 
EE22=1.2E6; 
U12=2.549E-1; 
U21=1.558E-2; 
G12=9.368E5; 
OMe ee TT /((-U012*U21). 
Q22=EE22/(1-U12*U21); 
Ol2—O? 1 *EBII/I-U12*U21): 
Q66=G12; 
b=linspace(0,90,91); 
QBTOT=eye(1,91); 
(re Za) eee 
B=b(Z)*3.1415927/180; 
QB11=Q11*(cos(B))*44+2*(Q12+2*Q66)* 
(sin(B )*2)*(cos(B))42+Q22*(sin(B))4; 
QB22=Q1 1*(sin(B))*4+2*(Q12+2*Q66)* 
(sin(B )42)*(cos(B))42+Q22*(cos(B))4; 
QB 12=(Q11+Q22-4*Q66)*(sin(B))42*(cos(B))42+ 
Q12*((sin(B))*4+(cos(B))4); 
QB66=(Q11+Q22-2*Q12-2*Q66)*(sin(B))42* 
(cos(B))*2+Q66*((sin(B))*4+(cos(B))*4); 
QB 16=(Q11-Q22-2*Q66)*sin(B )*(cos(B))*3+ 
(Q12-Q22+2*Q66)*(sin(B))*3*cos(B); 
QB26=(Q1 1-Q22-2* Q66)*(sin(B ))*3 *cos(B)+ 
(Q12-Q22+2*Q66)*sin(B )*(cos(B))‘3; 
QBTOT(Z)=QB11+QB12; 
end 


plot(b,QBTOT):xlabel(Ply angle, degrees'):ylabel(A11+A12'):grid 
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APPENDIX C 


A. PLY PROPERTIES 


MATERIAL MATERIAL MATERIAL 
l 2 3 

EI 3.100E+05 7.568E+06 1.945E+07 
E2 2, VO7E05 1.994E+06 1.193E+06 
Gl 2.314E+05 8.433E+05 9.135E+05 
LON OZ 70E+OU 0.259E+00 0.256E+00 
ALPH1 2.220E-05 2.019E-06 8.564E-08 
ALPH2 1.056E-05 1.288E-05 1.785205 
ALPH12 0.000E+00 0.000E+00 0.000E+00 
RHO 6.714E-02 7 OO 5.626E-02 
|e Bl 0.000E+00 2.980E+05 2.500E+05 
| so 0.000E+00 1.500E+04 1.500E+04 
FCI 0.000E+00 -1.180E+05 -1.600E+05 
FC2 0.000E+00 -3.000E+04 -3.000E+04 
2 0.000E+00 9.000E+03 1.400E+04 
FAW 1.085E-04 3.300E-02 6.600E-02 
i 3.000E-01 2.648E-01 3.17 Sieg 
VV 7.143E-02 2: 000IE-02 2.000E-02 
elo 2.309E-03 6.322E-01 1.719E+00 
G13 0.000E+00 0.000E+00 0.000E+00 
G23 0.000E+00 0.000E+00 0.000E+00 
Jets: 0.000E+00 0.000E+00 0.000E+00 
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LAMINATE LAYUP 


Laminate layup location ‘A’ 


a 


bo 


le di 


MAT THICK ANGLE ID 
1 0.00225 45.0 1 
1 0.00225 -45.0 Ih 
1 0.00225 45.0 10 
1 0.00225 -45.0 2 
1 0.00225 45.0 8 
1 0.00225 -45.0 i 
] 0.00225 -45.0 6 
] 0.00225 45.0 > 
1 OWN 225 -45.0 4 
] 0.00225 45.0 g 
] U002 75 -45.0 2 
l 0.00225 45.0 1 


Laminate layup location 'B' and 'D' 


MAT THICK 


] 


senate oe ee eee ee ee ee ee ee ee ee ee ee 


0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 
0.0022 


3 


ANGLE 
45.0 
-45.0 
45.0 
-45.0 
45.0 
-45.0 
45.0 
-45.0 
-45.0 
45.0 
-45.0 
45.0 
-45.0 
45.0 
-45.0 
45.0 


m NW Hh NO ~)] CO 1O 


Co 


Oo 1 i eae 


Laminate layup location 'C' 


MAT THICK ANGLE ID 
1 0.00225 45.0 20 
1 0.00225 -45.0 Ite, 
1 0.00225 45.0 18 
1 0.00225 -45.0 jf 
I 0.00225 45.0 16 
1 0.00225 -45.0 ie) 
1 0.00225 45.0 14 
it 0.00225 -45.0 Ip 
1 0.00225 45.0 12 
l 0.00225 -45.0 It! 
1 0.00225 -45.0 10 
1 0.00225 45.0 y) 
i 0.00225 -45.0 8 
i 0.00225 45.0 if 
] 0.00225 -45.0 6 
it 0.00225 45.0 Ss 
i 0.00225 -45.0 4 
1 0.00225 45.0 3 
] 0.00225 -45.0 Z 
1 0.00225 45.0 1 


Laminate layup location 'AA' AND 'EE' 


NU hWN— 


MAT 


WWN NY bd bY 


a 


THICK 
0.0070 
0.0070 
0.0070 
0.0070 
0.0120 
0.0120 


ANGLE 


S555 S2 
SS SG Gy 


HNWRUADG 


wn 


— ae 
aaa 8 


N 


Sie 


Laminate layup location 'BB' 


MAT THICK 


WWWNMNN NN WL LO bo 


Laminate layup location 'CC' 


0.0070 
0.0070 
0.0070 
0.0070 
0.0070 
0.0070 
0.0070 
0.0070 
0.0120 
0.0120 
0.0120 


MAT THICK 
Ds 0.0070 
2 0.0070 
az 0.0070 


ANGLE 
0.0 


2 > 
as 


SOS9999999 
OO OO Oe aa @ 


BS ccs: 


Laminate layup location 'DD' 


MAT THICK 
ys 0.0070 
Z 0.0070 
y 0.0070 
S: 0.0120 
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ANGLE 
0.0 


0.0 
0.0 
0.0 


HNwWA 


Cveacls T -Old el 


Ll-H6vy § =AXWHd IV 
vI-dl0v L=AXVHd' IV 


Cl-AO08T I 
OT-H60S Cc 


Ol-dbre c- 
LO-H9PS | 


OO+HEDL'S 
IO-AI81 I 
LOH TST I 


LO-AT8TT- =lO-HT8T I 

OO+HP8S 1 = 10-H899°C 
[10-4899 = OOTHP8S I 
HINTad-d 


60-ATV0'6 
O1-H699 C- 
OL-A98t C- 


Ol-asl0r Oliver | 

60-HPOC€ Ol-H9ce'9 
Ol-HOTEO = OO-HLOL'& 
HWIad- 


1O-H9bL I 
Oro) 
CORAL 


CUmatat a 

IO-He0S 9 

IO-AL80 T- 
qd 


COMcIT 
IO-HLOS 9 
9O-HVTCS V- 


Os Ach om 
80-HV 18 Cc 


SOnACI ee 

SO-HVIC Cc 

90-HL8 1 ¢ 
ef 


8O-AV IS C- 
90-HL81¢ 
SO-HVIC C 


CO+HP90 1 =AXKD 


Cl-H960 S =~AWHd IV 
SO-AteL 


1O-AL80 T- 


OSCTO0 =AVadZ 
SOTHDS38 & =AX 


O0OLCO 0 =HLL 
SO+HPS8 & =X 


[1-HOc9'S =XINHd TV 


I =AVHd IV SO-Arel | =XVHd' TV 


O1-H0c6'C- = LNHNWOW 
IO-H9VS 


I HOwUOd AO SLNAIDMAAHOD TV AWUSHL 


00+H000°0 00+4H000'0 
00+H000'0 00+3000'0 
HINT ad-$ 
pO-AO8pe 8 vl-dbpsrl = pl-dees'8 
vI-avsp tl SO-HII96 = SO-H909'1 
vI-He6S'8 SO-H909°'T = =SO-HT 196 
FIAT ad -V 
00+H000'0 00+H000 0 
00+HO000 0 00+H000 0 
S 
COtHDLS'C =60-H6SES- 90-H69S C- 
60-H6SeS- pOFHOLOT c0+H68l I- 
90-H699'C-  COtHO8LT- =pOFHOLO'T 
V 


sayjsodoid jy, ayeurmeyqy *T 


SALLYadOUd ALVNINV'T “O 


54 


cO-ALIV @ -OHd 


O0+HOCV 


Cones ce 
COTTE U 


60-AL70'L 
OL-Avsr'l 
0) rs (0.32 


1lO-A8eT PV 
CO-A6LO | 
COH6L6 | 


SO-AHLIT I- 
90-H6S¢ I- 
90-H6SV I- 


00810 0O=AYVaAZ 
SO+HbS8 ¢ =A 


0090 0 =~HLL 


LOT -=AXf) S$Ot+d790 | =AXD SOtHPS8'€ =XKH 
O1-H999 T-=AXWHd TV 


vl-dOvs ce =AXVHd TV 


I1-H¢L6 b=AWHd TV 
SO-APEL I =~AVHdTV 


TIT-H6ovs 1-=XWHd TV 
SO-Abel | =XVHd TV 


OT-Hvs80 I- OI-HL66-L- OL-HO8e L- ~LNANWOW 
IT-H61S 6 IOH1T90C = LOH 190°C | HO AON AO SLNALOISAHOD IWAN 
CUna Lice COCs 
10-H089°9 Loach 00+3000 0 00+H000 0 
LOeecl. | 10-4089 °9 00+H000'0 00+H000 0 
HINTdd-d HINTad-S 
OT-A80L I OT-AvS8' I vO-AOI9@. vl-H06C Cc” VilbseIGe | 
60-HL8¢ °C OT-AtSpe bI-d06cC- = SOHBOT Le SO-HS OCI 
OT-AIS € 60-HL8E °C VI-H9TL TS SO-HSO7'T SO-A80C L 
HINT ada HINT ad-V 
CO-H6L6 | CO-H6L6 I 
OOFHA TPS I ee ES eq 00+3000 0 00+ 000 0 
MO BOS Gs OO+FH TPS" I 00+H000'0 00+H000'0 
d 5 
90-H6S¢ I- 90-H6St I- COTHCLS & 48690 AOIT I MURR l= 
SO-A8rIS- DOSE 6 90-HOIp I =pOt+HLer' I COTHS8E C- 
90-AHTTL6 SO-A8bIS- 90-ACST I- = cOFHS8eC- = pOFHL CVT 
| V 


sojiadoid ,q, pue ,q, aeulmey °Z 


5p 


CO-H TCO =OHa 


OOFH8ET I 


CO-HLCS I- 
COnICCS I 


OOrIIOL ec 
Poteet obey 
[1T-HOS9 7 


LO-H¢80°8 
CO-ALOO © 
CO-H C60 © 


SO-HS80 I- 
90°dcST 1- 
DU CC e I. 


LOT -=AXN 


[T-HSO0 S-=AXWHd TV 
VI-HTI8 CH=AXVHdTV $ SO-APEL T =AVHdTV 


TT-d86r L- 
0) Gers 4 ae 


CO-ALCS I- 
lO-H6I ¢ 
CO-HOLL S 

HWNTad-d 


IT-H8¢¢9 

60-HLOC I 

OT-H6ce C 
HINTad- 


CO-HL60 & 
O0O+HT LO 
IO-H1T¢0'S- 
qd 


S0-ACcS1 I- 

SO-H6v7 9- 

90-H96L8 
d 


SOtHP9O T =AXD 


IT-H96L b =AINHd TV 


OSC7O' 0 =AVAZ 
SO+HVS8 ¢ =AY 


00S70'0 =HLL 
SO+HPS8'€ =XH 


[1-d196' 7 =XINHd TV 
SO-Hbel | =XVHd TV 


Ol-H6cO 8-  OL-HEL98-  LNAINOW 


IO-H9LS 7 


CUsaEOs l= 
CUTAQ CESS 
IO-HOID'¢ 


Pato 
OT-H6C: Cc 
60O-HLOC I 


CO-HL60 © 
1O-AT cO'S- 
OOTHTTO'’ 


90-ACccc I- 
DOsIO0L 3S 
SOQ-H6vC 9- 


IG H9ZS c 


HOO AO SLNAIIAYOD TWWYAHL 
00+ H000'0 00+H000'0 
00+H000 0 00+H000'°0 

HINTad-S 
PO-H8 80°C DI-HLD8 C- ST-HIT LL C- 
VI-ALvS C- SO-H99L'S OOrAE 6 
ST-HILL Cc 90-HLE9'6 SO-H99L'S 
HINTad-V 
00+ 40000 00+H000'0 
00+ 4000 0 Q0+H000 0 
5 
CO+HO6L P 90-HVOL C LO-H869 I- 
DORHVOL IC VOTAVEL I COTHC86 C- 
LO-H869 I- cOtHC86 C  POTHDSL I 
V 


saijtodoid ,9j, aeurmey °¢ 
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CO-H8ee & =OHY 


CUMEECE © 
00+34000'0 
00+4000'0 


SO-H6C0 S- 
00+H000'0 
00+H000'0 


[0+H620 I 
00+H000'0 
00+4H000'0 


IOFHOSE'C 
00+H000'0 
00+3000'0 


8SC 0O=AXN) 


00+8H000°0 =AXIWHd TV vO-ASLE | =AWHd IV 
00+H000'0 =AXVHdTV SO-Hbv0S'T =AVHd’IV 


SOTHLPL'8 =AXD 


00+HO0000 cO-Hvr6'l- 


00+H0000 O00+HSZT'I 


00+H000'°0 

CO-H909'S 

CO-HVI6 I- 
HIN Tad-d 


QOt+HO000 0 
vO-AS8L' I 
SO-HLET I 

HINT ad-d 


00+8000'0 
LO+H168 I 
OOt+HVL8'P 

qd 


00+ 40000 
COLASCE 
LOFadOve L- 

d 


10-4 S96 'L 

00+H000'0 

COsa7 oT 

cO-HO0cr L 
00+H000 0 SO-H661 °C 
SO-HLET I 00+H000'0 
SO-HV9C b- 00+4000'0 
Q0+H000'0 
QOFHPLE LV 
COFHS6S I 
00+4000°0 pOtHPSSs P 
LO+H9OPE L- 00++000 0 
COTHCLO © 00+34000°0 


00920 0 =aVadZ 
90+HCSS I =A 


CO-H860 S- LNHNOW 
HOUOA AO SLNAIOMAYHOO “TVW AHL 


00+34000 0 00+H000'0 
00+4H000'0 00+H000 0 
HIN ad-S 
00+ 40000 00+H000 0 
SO-H6CT I LO-AS9b P- 
LO-ASOD P- JOmeOe. | 
HWNad-V 
00+H000°0 00+H000 0 
00+4000'0 00+H000 0 
SS 
00+H000'0 00+H000'0 
POTH8SS 8 VOFHLOT 7 
PO+HLOC C SOtHDPI8'9 
V 


00CSO'0 =HLL 
LOtH CII | =xXd 


SO-H9CP S-=XIWHd TV 
90-4600 | =X VHd TV 


Sayjsodoid .Wq, pue ,VV, aeulMey “p 


5) 


peeUO > =O d 


00+H000'0 =A XWHd TV 
00+H000'0 =AXVHd TV 


CO-HLSEL I 
00+H000'0 
00+H000'0 


SO-HCSS'I- 
00+24000 0 
00+H000°0 


[O+H869°S 
00+H000 0 
00+4000°0 


LO+HLLO'L 
00+HO00 0 
00+H000'0 


8SC 0O=FAKN 


00+H000 0 
00+ 4000 0 


00+H000 0 
CO-HVOO0 I 
bO-HL9V ¢- 


HWTUd-d 


00+H000 0 
SO-HVCT S 
9O-HSCL'E 

AHWIlad-d 


O00+H000 0 
COF+HOSO TI 
LOTHIOEC 

qd 


OO+HO00'0 

COTHS8E 8- 

COTAVOT C- 
d 


SO+H869 8 =AXKOD 


SO-H1 co L =~AWHd TV 
SO-H890 T =AVHdTV 


COALCSS- 
OOFHV6CC OOFHLOS'I 


00+H000 0 
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CO-HCHE I 


O0+HO000 0 
UE SISE Lae 
SQ-HOCP T- 
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SO-HOSC | 
OO+HO00 0 
00+H 0000 


pOTHT10'8 
00+H000 0 
00+H000 0 


O09P0'0 =aAV AZ 
007 Avo = Ka 


SOUCST & =XNHd TV 
90-HOST T =XVHd TV 


DNHNOW 
4HOUOH AO SLNALIOIAHOO IWAYHHL 


0060 '0 =HLL 
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OSOTO 0 =aVaAZ 
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HINT ad-d HWIad-V 
10-H806 9 00+34000°0 00+H000'0 
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APPENDIX D 


A. TEST STAND CALCULATIONS 
Static analysis was performed on the components listed in Table D1. 


Table D1. COMPONENT ANALYSIS. 


The force on each load-carrying member was calculated from the weight of the 







Bending, shear torsion. 





components and the forces applied during engine runs. A vector representing 
the weight of each component was place at its center of gravity as shown in 
Figure D1. The engine loads were calculated for a 29 Hp motor producing 150 
Ibs of static thrust. 

A strengths of materials approach was performed using the equations D1 


through D8 [Ref. 15]. 


static load: OE = (eq. D1) 
> M = 0 (eq. D2) 
V 
shear: Trax = aa , solid beam (eq. 15) 
V 
Uae, = “2 , atneutral axis (eq. D4) 
bending: Ona = a (eq. D5) 


6] 





torque: Tax = — ,circular shaft (eq. D6) 
48 = square beam (eq. D7) 
max 2 t ‘o4 ? q q. 
P 
normal force: Oo = a (eq. D8) 


The maximum stress components were calculated for each member and applied 


to Von Mises’ yield criterion (eq. D9) to compare to the material yield values. 


2 
a(o., = o,,) +(o,, — o,,) +(6, ome 66,2 0G.a 4 66, zs > (eq. D9) 


| 


beneaeiGls Be 2S 


=r 
= 
<A 


RMS 
.. 


SAIS 


: Donan Tt eo io 


- 





Figure D1. Test stand components. 


62 


A load applied to the engine produces an engine torque which creates torsion 
on the axial members of the test stand. Torque produce by the engine is a 
function of RPM and horsepower as related in equation D10. The AROD uses a 


Herbranson engine rated at 29 Hp at 8000 RPM. 








Hp 550 ft.elbs. a . 
TOrque (in. lbs.) = ——————— e | ———=— je {60 — Je (12— eq. D10 


B. BEARINGS 

The bearings used were a Thompson PB-24 and a Thompson Super24 linear 
bearing. Description of these two bearings are listed is Table D2 [Ref. 15, p.19]. 
The bearings are mounted in self-aligning pillow blocks 9 inches apart. The sum 
of the forces in the vertical direction was calculated using equation D1 to 


determine the static load on each bearing. 


Table D2. BEARING CHARACTERISTICS. 


Bore diameter, } Bearing diameter, Length, | Normal load rating, | Maximum load 
inches inches inches Ibs. rating, lbs. 
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>F ane OU (eq. D1) 


Fis, +Fiake + Fi. be, + Pee 
Fea + Poses ~ 49 1b. - 12 ns, - LL Sis = Zea 
F ces + Pee = SA eS 
ME en 2 (eq. D2) 
Figs pena + T sropason + Speen en 
a Se 
Fo (9 in.) + 49 s.(45in,) + 120.G2n.) + 1 ESQ) 


+ 12 2s.(8in.) = O 
F ae Oe lbs (eq. D11) 


B 


The value obtained from the sum of the moments was substituted into the 


equation representing the sum of the forces: 


F, uae, + Fee = Saeealbs: 
Fi ma = 14.5 Ibs. (eq. Did) 
Fae = 2300bs (eq. DIE 


The maximum static load from Table D2 was compared with the calculated 
static loads, (eq. D11) and (eq. D12), for each bearing. As shown, both bearings 


provide an ample load margin under the maximum rated value. 


C. SHAFT 

The shaft is constructed from hardened, highly polished steel described in 
Table D3. All forces generated on the test stand act on the shaft. Two groups of 
forces are present while the AROD is mounted on the test stand. When tests are 
not being performed, the weight of the AROD, bracket and extension apply a 
shear and bending load on the shaft. During engine tests an additional normal 


force due to thrust and torque due to horsepower are applied. 
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Table D3. SHAFT MATERIAL PROPERTIES. 


Rockwell HN | Brinell HN 
Asi 4400 285,000 | 275,000 


The maximum shear load in the shaft was determined by summing the 






vertical forces acting to the left of the shaft shown in Figure D1. Denoting V as 


the shear force (eq. D1) becomes: 


Pcie = 0 


Seo ee st +V., = 0 


Extension 


(eq. D1) 


- 49s. - 12s. - 11 Sms. + Vo, = 0 
Vee = 1'2,5 10S. 


The weight of the shaft was neglected since its weight is supported by the 


bearings and not the shaft itself. 


The maximum stress due to the vertical shear component was calculated 


using equation D3, where k = 4/3 for a circular shaft. 


a8 pee 


in (eq: 3) 


a 2s 
(0, ae 
Tax = 4.7 psi. 


A bending moment applied to the shaft results from the vertical forces 


applied to a moment arm originating at the left of bearing A. For these forces 
equation D2 becomes: 


Ss Moynar = 0 


Seno as “F Sere Sees ae Ewes dia i M,. = 0 


49(34.5) + 12(21.5) + 11.5(10.5) + M., = 0 
M,,., = 2069.25 ine lbs. 


(eq. D2 
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Since the shaft is symmetric the compressive and tensile stresses are of equal 


magnitude and opposite sign. The maximum value is computed using equation 


D5. 
ses ~ (eq. D5) 
2069.25 in. sits. © 0.75 in. 
245 on0 
On = 0245.1 psi 


where I= <nr° and c is the radius of the shaft. 


The values for the engine were substituted into equation D10. 


r 29up ¢ 550° 0 60 012.= 
Rar 2 © 8000RPM 


Taig = 228.5 inelbs. 


The shear stress due resulting from torsion was calculated using equation D6. 


Tc (eq. D6) 


max J 


(228.5 in. +ibs.)(0.75 in.) 
(0.4970 in.” ) 


Trax = 344.8 PSI. 
where J is the polar moment of inertia, J = 52c* and c is the radius. 
The final force applied to the shaft is the normal force due to the static thrust 


of the ducted fan. For this calculation the maximum thrust output was estimated 


at 150 lbs. Substituting this value for P into equation D8 provides 


P 
oa= a (eq. D8) 
_ 150 ws. 

or (0.750) 
Oo = 84.9 psi. 
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The results of these maximum values of shear, bending, torque and normal 
force are depicted in Figure D2. 

Torque and normal force are constant throughout the shaft; however, 
bending and shear vary around the circumference. Bending is maximum on the 
upper and lower surface of the shaft and zero on the middle surface, while 
vertical shear is zero on the upper and lower surface and maximum on the 
middle surface. Two elements taken from the surface show the effects of these 
combined stresses. The stress values were applied to Von Mises’ yield criterion, 


(eq. D9), to compute the maximum stress seen by the shaft. 


=84.9 + 6245.1 
= 6330 psi 





Figure D2. Stresses on the shaft. 
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2 
-—O,, y OG, 7 OCmemE 66, | < = (eq. DY) 


XX 


(02, +02, +602,)< x 


4{O., + Bio, <6), 
(a.) (84.97 psi + 3(399.5 psi)? < 275,000 psi and (b.) 463307 psi + 3(344.8 psi)” < 275,000 psi 
697 le = 00s 6358.1 psi < 275,000 psi 


where Y is the yield strength from Table D2. Using Von Mises’ yield criteria, 
the allowable load applied to the shaft produces stresses well below the yield 


point of the material. 


D. EXTENSION 

The extension was designed to locate the duct intake far enough away from 
the base of the stand to prevent any blockage of airflow. Since the extension was 
configured in a cantilever arrangement, it must support its own weight, that of 
the bracket and AROD, and any forces produced by the engine. The material 
selected for the extension was a low carbon steel, square tube. Its properties are 
listed in Table D4. 

Table D4. EXTENSION MATERIAL PROPERTIES. 


AISI 1025 55,000 | 36,000 | 36,000 | 35,000 


The static analysis performed on the extension followed the same procedure 






as the analysis used for the shaft. The technique for calculating vertical shear 
and shear due to torsion varied slightly because of the different cross sectional 


area of the extension. 
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The vertical shear stress was calculated as 


Se eea al (eq. D1) 
eee 1s es F eee a, Nee a 0 
AO ws. - 121s. - 11.5. + Vi = 0 
N ple “= 1722S: 
Toaax = ae (eq. D4) 


(72.5 ws.)(0.3301 in.) 
(0.5518 in.* )(0.25 in.) 
t., = 173.5 psi. 


where Q= AY is the first moment of area and I= .bh° is the moment of 
inertia. 


The maximum bending moment was calculated at the right end of the 


extension where the longest moment arm occurs. The maximum normal stress 


became 


> Mere = 0 (eq. D2) 
ee stk omen + M = 0 


Bracka ~ Bracket Extension ~ Extensioco Exiensioo 


A9 tbs.(31in,) + 12 tes. 8 in.) + 11.5 s.(7 in.) + MZ = 0 
M.w.. = 1815.5 in.elbs. 


~* (eg. 15) 


_ (1815.5 in. lbs. )(1 in.) 
(0.5518 .*) 


Oo... = 3290 psi. 


where c is the distance from the neutral axis to the outer wall of the extension. 
The engine torque and the thrust were identical to the values derived for the 


shaft. The shear and normal stress were calculated using equation D7 and D8. 
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Tax = 5 ag (eq. D7) 
(228.5 in. sibs.) 


~ 2(0.125 in (3.51567) 





T= 2600s 
Pp 
(63 = — . D8 
max A (eq ) 
a 150 ws. 
0.9375 in 
O = 160) 


where Ol is the area bound by the centerline of the tube walls and A is the cross 
sectional area of the square tube. 


A combination of the stress values derived from maximum shear (a.) and 


maximum bending (b.) is shown in Figure D3. 


a.) 
Teme. 
Tay =P + FA 
= 260+ 173.5 
= 433.5 psi 
Po avic 
Oxx ae + Te 
= 160+0 


= 160 psi 


=160 + 3290 
= 3450 psi 





Figure D3. Stresses on the extension. 
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These values also were substituted into Von Mises’ yield criterion. 


| 2 
|(>.. ~ Oyy ) a (o,, Te ) + (Gg Fue ) tO OF. + 60, i - a 


(02, +307, <9,, 
(a.) 4192? psi + 3(433.5 psi)? < 36,000 pi and (b.) +3450? psi + 3(260 psi)? < 36,000 psi 


775 psi < 36,000 psi 3479.3 psi < 36, 000 psi 


E. BRACKET 
Forces from the AROD are supported by the four arms of the bracket. The 


bracket was configured in an " X" to allow the fuel tank vents to be located at the 


highest possible elevation. Figure D4 shows a front and side view of the bracket 


configuration. 


Top view Side view 


fuel tank vents compressive 


een gine torque 


Figure D4. Bracket configuration. 





The material used for the bracket was aluminum square tubing. The 


material properties are given in Table DS. 
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Table D5. BRACKET MATERIAL PROPERTIES. 


6061-T6 0.125 in. | 42,000 | 37,000 | 42,000 | 20,000 


Each arm of the bracket reacts differently to the forces of thrust, weight, and 






engine torque. The forces are additive in some locations and cancel one another 
in others. A diagram of normal and shear stress was drawn to identify which 
locations would undergo the maximum stress condition. Figure D5 illustrates the 
stress combination on the compressive and tensile side of the bracket. 

Figure D5 identified the lower right arm of the bracket as experiencing the 
maximum combined stress condition. The values of normal and shear stress 
resulting from the forces on the bracket were calculated for the location 
immediately outboard from the extension flange were the greatest moment arm 
will occur. The resulting moment arm, 12 inches long, was used in the 
following calculations. 

1. Engine torque 

A rotational force is produced as the engine torque attempts to spin the 
bracket. This force produces a tangential shear in the rotational directional. A 


shearing stress (eq. D4) was obtained from the tangential shear. 


_ Tomue _ 228.5 in. clos. = gioco 


engine torque distance l 9) | 
in. 


ee 
Vee a = 4.75 s. , per arm 


~ «VQ _ (4.75%5)(0.3301i”) 


A ee ere 
torque It (0. | i § in. )(0.25 in.) ° 
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+Othmst ~~ OF, 


-T E, +Trorque Q. 


-T +7 g 4 
gt "OD 


+Qhrust +O p> 


+Othrust — OF 


Kos torque ~ TF, 


Qo +T B 


+ Othrust + OF, 


\/ i : 


+F 


Bracket 


F, = E, =Fcos(45°) 


=FAROD 


Compressive 


—Othrust +OF, —Othrust +OR, 


+TE, —7T torque oe: . // DP torque +1 F] 


+Trorque —T F 


Oy tee. -TR 


~Qhrust — OF i Othrust =O. F) 





Figure D5. Bracket stress components. 


2. Engine thrust 
A bending moment on the bracket arms results from static thrust 
applying a normal force at the outer duct diameter. A normal stress (eq. D5) 


was calculated from this bending moment. 


ie) 


Motor = Fman + Gam = 1o0ts.© 12 ieee oui 


Moist = Bote = 450 ines. , per arm 
Mc (450 in + tbs.)(1 in.) 
te) = —— = ~——_——_ = 652.4 psi. 
a 0.5518 in " 
3. Weight 


, total 


The weight of the AROD and bracket were reduced to a single force 


located 13.34 inches from the centerline between the tensile and compressive 


faces of the bracket, The resultant 61-pound force was transformed into 


components perpendicular and parallel to the bracket arm. 


forces are shown as F] and F? in Figure DS. 


F oat = Sanooe Up aee 
= 49 is. + 12 ibs. 
F oral = Ol tts. 
F 





Fo = —= 15.24 irs. 
4 


F, =F, = Feos(45°) 
F, =F, =10.78 ts. 


The component 


The F2 component creates a shearing stress (eq. D7) by applying a 


twisting moment to the bracket arm. 


T=F,x 

= 10.78 ibs.¢ 13.34 in. 
T = 143.8 in. «ibs. 
ae 

210 

_ 143.8 in. «ibs. 

~ 2(.125 in.)(3.5156 in) 
Tp, =163.6 psi. 
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The Fj component creates a moment on the lower nght bracket arm. 


This moment applies opposing stresses on the tensile and compressive faces of the 
bracket. The forces on each face was calculated through the summation of forces 


(eq. D1) and summation of moments (eq. D2). 


SF vertical — 0 


| Sees wl 


tens. comp. r= -F, 


F  -F = -10.78 ws. 


tens. comp. 


> Mia ni zs 0 
F _n. (12.34 in.) - F 
F., = 1.1621 F 


(14.34 in.) =O 


comp. 
comp. 
Solving these equations simultaneously and substituting the forces into equation 


D8 provided the normal stress. The Of? value was only calculated for the tensile 


face since the compressive normal stress will be less. 


F ="G0)5 Ibs. and FF. =77.28 ws. 


comp. lens. 


_ T1283 lbs. 
0. WS in. 
oa, & 309.2 psi. 


The shear and normal stress from the torque, thrust and weight components 
were added and applied to Von Mises' yield criterion. 


o.=T +T;, = 11.37 psi + 163.6 psi = 174.94 psi 


xy torque 
0... = Ore, a OF, aa 652.4 psi + 309.2 pl = 961.6 psi 
] 2 2 NC 
-|(C. = Se) = (o,, a om) +(6,,- c,,) 7 OC 00 100... | — = (eq. DY) 


AIG.) 130, Oy. 
4961.67 psi + 3(174.94 psi)? < 37,000 psi 


1008.2 psi < 37,000 Psi 


is 


JEG) 


es 


WA 
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